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Abstract
Glaciers have been considered too hostile to harbor life for a long time. However, they are 
now recognized as unique biomes dominated by microbial communities which maintain 
active biochemical routes. Microbial communities inhabiting glaciers are diverse depend-
ing on the type of glacier and the area studied. Some glaciers have a marine margin 
and finish in a calving front, with partly or completely temperate tidewater tongues, this 
establishes important differences with respect to glaciers with a land margin. Depending 
on the glacier area studied, microorganisms are also characteristic as they establish a 
vertical food chain, from the surface photosynthesizers in upper illuminated layers to 
heterotrophs confined in the inner part. Glaciers are retreating in many areas of the world 
due to global warming. Microorganisms are their most abundant and unknown occu-
pants. They play a main role, carrying out key processes in the development of soil and 
facilitating plant colonization when glaciers have ultimately retired. These microorgan-
isms are perfectly adapted to their harsh environment and are very susceptible to envi-
ronmental changes. This chapter summarizes the role of microbial ecology as indicator of 
the conservation status of glaciers.
Keywords: global warming, ecosystem, microorganism, extremophile, psychrophile
1. Introduction
Earth’s cold environments have been considered uninhabited for a long time. Icy des-
erts seemed too hostile to harbor life (Figure 1). However, glaciers and ice sheets are 
unique biomes dominated by microbial communities which maintain active biochemical 
routes [1].
Glaciers are dominated by very specific environmental characteristics such as the low tem-
peratures associated with precipitation in the form of snow, the exposure to the intense wind, 
and the extreme solar radiation. In summer, there are processes of melting and sublimation 
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that are contrasted with the accumulation of ice in winter, producing an imperceptible but 
constant dynamism. This is the basis of the life of many of the organisms that inhabit them [2].
Microbial communities in glaciers are different depending on the type of glacier and the area 
studied. Thanks to DNA sequencing methods, a lot of information about their biodiversity 
and ecology has been acquired. Firstly, glaciers are of various kinds [3, 4] (Figure 2). Some of 
them have a marine margin and finish in a calving front (Figure 2(C)), this establishes impor-
tant differences with respect to glaciers with a land margin (Figures 2(A), (B)). In glaciers end-
ing on land, there is continuous permafrost at ice front (Figure 2(A)), while calving glaciers 
present partly or completely temperate tidewater tongues [4]. Secondly, the growth areas of 
the glacier (accumulation area) are oligotrophic media for microorganisms. They establish a 
vertical food chain, from surface photosynthesizers in the upper illuminated layers to protists 
and bacteria confined in the inner part [5]. These microorganisms are greatly influenced by 
the melting of surface layers. The diversity of microorganisms in the areas of regression of gla-
ciers (ablation zone and glacial lake) can be lower than in the accumulation area [6], although 
they are usually more abundant. Predatory species are numerous in these areas, so microbial 
Figure 1. Ecosystems in cold environments. (A) Polar deserts, (B) Glaciers, (C) Icy seas and (D) Icebergs.
Figure 2. Types of glaciers. (A) Gébroulaz glacier ending on land. (B) Literola glacier at Pyrenees, ending on a lake and 
river. (C) Marine glacier at Livingston Island, South Shetland Antarctica.
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diversity decreases. At last, taking into account the horizontal stratification of glaciers, they 
can be divided into three ecosystems: supraglacial, englacial, and subglacial. Additionally, 
there has been an increasing interest in characterizing retreating ice fronts of deglaciated fore-
fields with the aim of getting to know how both the richness and the abundance of microor-
ganisms vary in a glacier due to climate change [6–8]. In forefields, mixed communities are 
observed, whose composition changes very quickly.
2. Earth is a cold planet
From a biological perspective, Earth is a cold planet. Most of the Earth's surface is covered by 
oceans where temperatures are below 5°C [9], and 80% of the terrestrial biosphere is perma-
nently frozen [10]. Some examples of these cold environments are upper atmosphere, benthic 
marine zones, polar deserts (Figure 1(A)), glaciers (Figure 1(B)), subglacial lakes, and icy seas 
(Figure 1(C), (D)) [11].
Snow and ice cover over 108 km2 of the Earth's surface. Snow in winter can cover up to 12% 
of the Earth's surface [12], and approximately 10% of the planet's land surface is covered by 
glacial ice in the form of ice caps, ice sheets, or glaciers, accumulating 75% of the world's fresh 
water [13]. Mean temperatures observed in snow and ice environments can be highly variable 
at different depths, sites, or seasons. For example, surfaces exposed to wind are influenced by 
air temperature. Temperature can range from −50 to −70°C during the winter in the Arctic and 
Antarctic, respectively, to 0°C in summer [14].
3. Glaciers as biomes
Among cold environments, glaciers are considered biomes that should be recognized as such 
in their own right [1, 2]. A great diversity of microorganisms belonging to the three main 
domains (Bacteria, Eucarya and Archaea) has been discovered inhabiting these cold envi-
ronments. Most of the microorganisms isolated from cold environments are psychotolerant 
(also called psychrotrophs) and psychrophiles. Psychotolerant organisms can grow at tem-
peratures close to 0°C but have their optimum growth temperature at about 20°C. However, 
psychrophiles have their optimal growth temperature at 15°C or less [15].
Glaciers are inhabited by microorganisms which maintain active biochemical processes.
To grow efficiently at low temperatures, microorganisms have developed complex structural 
and functional strategies for their adaptation [16]. The study of these adaptation strategies 
aims to identify the limits of life at these temperatures. Adaptations include the production 
of psychrophilic enzymes that are functional at low temperatures with a high catalytic effi-
ciency; the incorporation of unsaturated fatty acids in the cell membrane to improve its flu-
idity; the synthesis of certain proteins that allow synthesizing others at low temperatures 
[17]; and the production of compounds that allow the cell to protect itself from frostbite (e.g. 
sugars, extracellular polysaccharides, antifreeze proteins) [18, 19].
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4. Microbial ecology in glaciers
Considering the horizontal stratification of glaciers, they can be divided into three parts: the 
supraglacial ecosystem, the subglacial system, and the englacial ecosystem [2, 5] (Figure 3). 
These three ecosystems differ in terms of their solar radiation, water content, nutrient abundance, 
and redox potential [2]. These factors greatly determine the biogeochemical cycles, the type of 
metabolism, and the diversity and abundance of microbial populations inhabiting glaciers.
4.1. The supraglacial ecosystem
The main habitats in the supraglacial ecosystem are the snowpack, cryoconite holes, supra-
glacial streams, and moraines. On the glacier surface, the absorption of solar radiation by 
dark organic matter causes snow and ice melting yielding liquid water that is necessary for 
microorganisms. Meltwater dissolves nutrients from adjacent debris and even directly from 
the atmosphere [20].
The sunlit and oxygenated supraglacial surface are populated by autotrophic microorgan-
isms such as microalgae and diatoms; by chemolitotrophic bacteria, which feed on inorganic 
sand particles; and by heterotrophic bacteria and microeukaryotes.
Figure 3. A schematic of different habitats of a glacier colonized by microorganisms. Supraglacial ecosystem is 
dominated by phototrophic algae and cyanobacteria that take advantage of sunlight and by heterotrophic bacteria and 
microeukaryotes that feed on organic particles from atmospheric deposition. Microorganisms in englacial ecosystem can 
be chemoautotrophs, but they can also be heterotrophic bacteria that feed of solubilized products. Subglacial ecosystem 
is dominated by microorganisms which obtain energy from inorganic compounds and occupy basal ice/till veins and 
subglacial lakes.
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The lithotrophic microorganisms degrade the till and black carbon on the surface of the gla-
ciers. So, the concentration of dissolved ions in water increases and its melting point decreases. 
This fact develops cryoconite holes, vertical cylindrical melt holes in a glacier surface, which 
have a thin layer of sediment at the bottom and are filled with water [21]. The materials com-
prising cryoconite can be divided into two main types: organic and inorganic [22]. Organic 
matter includes living and dead microorganisms and their products of decomposition, while 
inorganic matter in cryoconites is dominated by mineral fragments, mainly silicates [22]. 
Cryoconites are an important microbial habitat in supraglacial ecosystems [1]. Cryoconite 
holes may converge and origin small streams of liquid water that run downhill [21]. Food 
webs in cryoconite are dominated by photoautotrophs, mainly cyanobacteria, which provide 
substrate for heterotrophic communities from a wide range of bacteria. All major groups of 
heterotrophic bacteria and many fungal groups are represented in cryoconite holes [5]. In 
addition, microbial eukaryotes such as ciliates are crucial for nutrient recycling through the 
metabolism of primary producers [23]. Heterotrophic activities in supraglacial habitats are 
substantial but typically occur at lower rates than the rates of photosynthetic production, 
which leads to the accumulation of organic matter over time.
Microorganisms inhabiting glacial surface produce a wide diversity of pigmented molecules, 
which allow their adaptation to cold conditions and solar radiation. They use pigments to 
obtain energy [24], develop photosynthesis [25], stress resistance [26], and for ultraviolet 
light protection [27, 28]. For instance, green snow is caused by young, trophic stages of snow 
algae, whereby more mature and carotenoid-rich resting stages result in all shades of red 
snow [29]. Dominant species on snow fields belong to the unicellular Chlamydomonaceae. 
Additionally, some examples of cold-adapted bacteria that produce pigments are the bacte-
rium Sphingobacterium antarcticus, which produces zeaxanthin, b-cryptoxanthin, and b-carotene 
[30]. Other examples include the polar bacteria Octadecabacter arcticus and Octadecabacter ant-
arcticus, producers of xanthorhodopsin [31], and Shewanella frigidimarina which produces the 
red cytochrome c3 [32, 33]. Colored melanized fungi also live on glaciers, for instance, the oli-
gotrophic genus Cladosporium [34]. These pigments absorb solar light and heat, melting snow 
on glacial surfaces. Microorganisms on glacial surfaces also bear high solar radiation, but in 
a way, this radiation is beneficial for them. In spring, light radiation melts the glacial surface 
and leads to the increase in wet areas and the dilution of solutes on snow and ice surfaces, 
which facilitates the growth of microbial mats [14].
4.2. The englacial ecosystem
The englacial ecosystem presents a minor impact upon nutrient dynamics [2]. Surface melt-
waters flood the englacial sediments by means of drainage channels. In englacial ecosystems, 
live motile bacteria that can reach more than 3000 m of depth. These bacteria live at grain 
boundaries and other interstices. Mineral substrates such as clay particles [35] provide nutri-
ents and a supply of water for microorganisms. Microorganisms can also live in narrow veins 
between ice crystals. When the water freezes, dissolved and particulate impurities (including 
microorganisms) are excluded from the ice matrix into interstitial aqueous channels at the 
ice-grain boundaries [11]. In turn, these microorganisms and impurities diminish the growth 
of ice crystals and even break them, facilitating the existence of liquid water. The liquid 
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vein habitat provides water, energy, and nutrients. In contrast with this, the metabolism of 
microbes encased in solid ice must overcome the diffusion of nutrients in a solid media [36].
Microorganisms in englacial ecosystems can be chemoautotrophs, but they can also be hetero-
trophic bacteria that feed on solubilized products from pollen grains, invertebrates, and other 
microorganisms. At great depth, anaerobic respiration can take place [35, 37], and methano-
gens could be active [2].
4.3. The subglacial ecosystem
At glacial sediments and bedrock, debris contains minerals and sedimentary organic carbon 
that, combined with subglacial water, create microniches where microorganisms can live [5]. 
A strong coupling is likely to exist between the hydraulic conditions at the glacier bed and 
the bacterial processes that take place [20]. The subglacial system is dominated by aerobic/
anaerobic bacteria and probably viruses in basal bedrock and subglacial lakes. It also contains 
diverse, metabolically active archaeal, bacterial and fungal species [38]; although eukaryotes 
have not been detected in all subglacial environments examined [5].
As there is no sunlight, chemoautotrophic or chemolithotrophic bacteria obtain energy from 
inorganic compounds. The inorganic processes associated with chemoautotrophs and chemo-
lithotrophs may make these bacteria one of the most important sources of weathering and 
erosion of rocks on Earth [39].
5. Glacier retreat
Glaciers are highly sensitive indicators of past and present climate change. Their current area 
and volume are a response to changes in both temperature and precipitation [13], as glaciers 
respond to slight but prolonged changes in climate. The study of glacier fluctuations is rel-
evant to provide an understanding of climate change over temporal scales [13].
Most glaciers are currently retreating. According to the National Snow and Ice Data Center 
(NSIDC), the total glacier loss per year since 1994 is approximate 400 billion tons [40–46]. The 
retreat of glaciers is particularly concerning, since it represents hazards for human communi-
ties living near them such as outburst floods, landslides, debris flows, and debris avalanches. 
Additionally, glaciers contribute substantially to water resources, which can be substantially 
reduced in many areas of the world [47].
6. Microorganisms in retreat glaciers
Global warming is having a great impact on glaciers, because of the change in air temperature 
and precipitation [48, 49]. Glacier retreat directly affects various atmospheric, climatic, and 
ecological phenomena. In retreat glaciers, the thickness of ice and snow decreases, and fossil 
ice emerges, forefield surface increases (Figure 4), new soil develops; and they are colonized 
by new prokaryotic and eukaryotic microbial species.
Glaciers Evolution in a Changing World110
The consequences of climate change are different according to the type of glacier. Depending 
on the location of the glaciers, these can be classified as terrestrial and marine (Figure 2). From 
the terrestrial glaciers, new lakes and rivers are shaped by runoff waters. On the contrary, 
some glaciers have a marine margin and terminate in a calving front. In glaciers ending on 
land, there is continuous permafrost at ice front, while calving glaciers present partly or com-
pletely temperate tidewater tongues [4].
One of the effects of climate change on glaciers is that the glacial ice melts and disappears, 
and microbial communities inhabiting them are being seriously affected [50]. Global warming 
is changing the basal temperature of the ice, going from cold to polythermal, which causes 
the growth of new microorganisms that are not psychrophiles but mesophiles thus leading to 
changes in the diversity and composition of microbial populations [51, 52].
The microorganisms that inhabit glaciers can also contribute to the production of heat as 
a consequence of their metabolic activity [53]. The amount of heat produced in cryoconite 
holes of glacial surface has been quantified and reaches 10% of the heat that melts the cryoco-
nite walls during the summer [54]. Although these works have been much questioned [22], a 
recent work by Hollesen et al. [55] has shown that bioheat can accelerate ice melting on glacier 
surfaces.
Figure 4. Retreat glacier. (A) In retreat glaciers, the thickness of ice and snow decreases, and it is colonized by new 
species. (B) Rock with lichens. (C) Microorganisms in the newly formed lake. (D) A rock showing the layer of endolithic 
phototrophic green algae.
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Microorganisms play a main role in glaciers, mainly carrying out key processes in the devel-
opment of soil, biogeochemical cycling and facilitating plant colonization when glaciers have 
ultimately retired.
6.1. Development of soil
Global climate change has accelerated glacial retreat. When the glacier ice melts and disappears, 
recently deglaciated soils establish a new ecosystem at the glacier forefield. Microorganisms 
are the initial colonizers of these recently exposed soils [7]. Thanks to their metabolic activity, 
new molecules are obtained that act as nutrients [7]. The microbial community of the newly 
formed soil is composed of heterotrophic microorganisms, autotrophic microorganisms, and 
nitrogen-fixing diazotrophs. Allochthonous material is derived from the glacier surface [21, 56], 
precipitation and aerial deposition [57] and biological sources such as mammal and bird 
droppings [58]. Additionally, adjacent ecosystems such as marine and subglacial environ-
ments are likely to contribute to the nutrient dynamics [58–60].
Downstream of the glacier, torrents are formed from the runoff water. These watercourses 
carry mineral salts and organic matter that allow the growth of new microorganisms. Biofilms 
grow on the banks of the streams, containing new microbial communities that although may 
remain psychrophilic, begin to have majority of psycrotrophic or mesophilic microorganisms.
Endolithic phototrophs, especially green algae and cyanobacteria, grow inside rocks, inhabit-
ing porous rocks near the glacier surface [24]. Rocks are heated by the sun, and water from 
snow melt can be absorbed, supplying moisture needed for the growth of microorganisms. In 
addition to being free-living phototrophs, green algae and cyanobacteria coexist with fungi in 
endolithic lichen communities. Metabolism and growth of these internal rock communities 
slowly weathers the rock, allowing gaps to develop where water can enter, freeze, and thaw, 
and eventually crack the rock, producing new habitats for microbial colonization. The decom-
posing rock also forms a crude soil that can support the development of plant and animal 
communities in environments where conditions (temperature, moisture, and so on) allow [24].
The ice from the glaciers draws till, forming moraines around and inside the glacier. But it also 
draws organic matter from bird droppings and from dead plants and animals. In the develop-
ment of soil, microorganisms break down this organic matter and produce carbon dioxide, 
water, and heat. Bacteria are responsible for a very little amount of the heat generation in 
ice, using a broad range of enzymes to chemically break down a variety of organic materials. 
Many bacteria are motile and can move into the ice channels of permafrost. When conditions 
become unfavorable, some bacteria survive by forming endospores, which are highly resis-
tant to the cold and the lack of water and food sources. Microbial eukaryotes such as fungi 
are important because they break down debris, enabling bacteria to continue the decomposi-
tion process. They spread and grow by producing many cells and filaments. They can attack 
organic residues that are too dry or low in nitrogen for bacterial decomposition. Molds are 
strict aerobes that grow both as unseen filaments and as black, gray, or white fuzzy colonies 
on the surface. Most fungi are saprophytes; they live on dead material and obtain energy by 
breaking down organic matter. At last, protists obtain their food from organic matter in the 
same way as bacteria do but also act as secondary consumers ingesting bacteria and fungi.
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6.2. Plant colonization
Retreating glacier fronts expose large expanses of deglaciated forefield, which become colo-
nized by microbes and plants. The space that had been occupied by a glacier which only con-
tained psychrophilic microorganisms is occupied primarily by mesophilic microorganisms 
inside and on the ice. When this ice disappears and soil begins to develop, rocks and tilt emerge 
in the moraines; this soil is colonized by lichens on rocks, by algae in streams and by higher 
plants and animals on the forefield. Most green algae inhabit freshwater, while others are found 
in moist soil [24]. Other green algae live as symbionts in lichens growing on rocks. In the newly 
formed soil, mainly consisting of permafrost, the growth of small plants begins. Their roots 
fragment the ground, forming small channels through which the water that carries ions in solu-
tion runs. In this way, the permafrost is fragmented, and it freezes less and less.
In glacier forelands, soil microorganisms are essential for plant growth as they play a key role in 
the nutrient cycling. In this phase, nitrogen, phosphorus, and other nutrients accumulate and 
facilitate succeeding plant growth [61]. Nitrogen-fixing plants are common in the primary suc-
cession of newly deglaciated soils [62]. Such plant-driven changes to soil nitrogen cycling have 
significant effects on the establishment of subsequent plant communities [63]. Rhizosphere 
microbial communities are fundamental for soil cycling, and they are mainly dominated by 
Proteobacteria, Bacteroidetes, Acidobacteria, Actinobacteria [64], and Firmicutes [65].
6.3. Biogeochemical cycling
Given their coverage at a global scale, snow and ice could have a major and underestimated 
role in global biogeochemical cycling [14]. It is essential to know how climate change is shap-
ing the distribution and diversity of microbial communities, since microorganisms are very 
important components in several biogeochemical processes [66] and in food webs [67].
Nutrient matter in retreat glaciers is variable. The carbon content in forefields is very little. It 
comes from three distinct sources: autochthonous primary production by autotrophic micro-
organisms; the deposition of allochthonous material; and ancient organic pools derived from 
under the glacier [7]. Carbon dioxide is removed from the atmosphere primarily by photosyn-
thesis of snow algae and cyanobacteria, and marine microorganisms in marine glaciers; and it 
is returned to the atmosphere by chemoorganotrophic microorganisms. Glaciers also provide 
organic matter to downstream ecosystems [7].
Other important nutrients in forefield soils such as nitrogen in the forms of nitrate, nitrite, and 
ammonia are microbially fixed from atmospheric nitrogen by cyanobacteria and some other 
bacteria. There are also external sources such as snowmelt, aerial deposition, and the break-
down of complex organic material or sedimentary bedrocks [7]. Bioavailable phosphorus and 
iron are usually abundant in the topsoil or bedrock of glaciated regions from weathering of 
the mineral surface [5].
6.4. Acidification or alkalinization of runoff waters
Another important effect of glacier retreat is the modification in the chemical composition of 
the runoff water of the glaciers. When a part of the terrain that had been covered by the glacier 
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is open to the elements, rocks appear on the surface, whose minerals dissolve and change the 
physical and chemical characteristics of the runoff water. Occasionally, the waters become even 
toxic because of the presence of heavy metals [68]. Sometimes the formation of alkaline lakes 
can be observed, due to the mineral salts entrained by the water of runoff in the ground that 
had been occupied by a glacier, like the Amarga Lagoon in Chile (Figure 5(A)). These lagoons 
can be inhabited by cyanobacteria which grow forming laminar colonies whose calcareous 
skeletons fossilize generating sedimentary rocks named stromatolites (Figure 5(B)). They are 
formed when cells build up a carbonate skeleton, integrating particles present in the lake water.
Otherwise, when certain minerals such as pirite are exposed to air and water, a slow chemical 
reaction with molecular oxygen occurs. While this abiotic reaction can lead to the develop-
ment of acidic conditions, the degree to which acid mineral drainage becomes an overwhelm-
ing burden on the environment results from the oxidative dissolution, a reaction catalyzed by 
microorganisms [69]. This process affects differently to the terrestrial and marine glaciers. In 
land glaciers, the runoff waters become more acidic, which affects the rivers and lakes that 
receive their waters. This can affect the flora and fauna, the crops and the human populations 
that live downstream. When this fact affects the marine glaciers, the composition of marine 
tidewater tongues changes their chemical composition: water salinity decreases, and at the 
same time, water becomes more acidic. Acidification of sea water impacts ocean species to 
varying degrees. A more acidic environment has a dramatic effect on some calcifying species, 
including oysters, clams, sea urchins, corals, and calcareous plankton [70].
7. Microorganisms as indicators of the conservation status of glaciers
In the last few decades, recently deglaciated areas present in different glacial zones in the 
world, are available for colonization and primary succession, especially initiated by pioneer 
microorganisms [71] followed by plants [72] and animals [73].
Figure 5. Alkalinization of runoff waters. (A) Formation of an alkaline lake (pH 9.1) due to the mineral salts entrained 
by the water of runoff in the ground that had been occupied by a glacier. The inset shows the location of Figure 5(B). (B) 
Calcareous skeleton of a stromatolite of Amarga Lagoon at Chile.
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In retreat glaciers, the microbial populations of the glaciers are very different from those found 
in the surrounding soils. Some reports [61] have demonstrated that both bacterial and fungal 
community structures show significant differences between deglaciated sites and successional 
sites that had been ice-free over more than 100 years [74]. These changes have a strong influ-
ence on the processes of colonization and succession in the areas where glacier ice has melted 
[72]. Firstly, microbial communities change as psychrophilic microorganisms are replaced by 
mesophilic microorganisms. Then, plants and animals colonize these newly formed environ-
ments. Additionally, characteristic bacterial species can be found in each glacier zone and 
not found in the others. So, there are “type species” that can subsist thanks to their special 
metabolism and molecular mechanisms of adaptation. An example is shown in Figure 6, in 
which the population of microorganisms in three habitats: glacier snow [51, 75, 76], glacier 
front [6], and forefield [6, 62, 71] are compared. Although the compared glaciers are located 
in very different places around the world, it can be observed that the distribution of the main 
groups of microorganisms is different for each of the three habitats.
7.1. Glacier snow
Several reports have been published [77] about the little microbial abundance observed on 
glacier snow. For example, in Alpine snow packs, bacterial abundances range between 103 
and105 cells/ml [78, 79], and in Svalbard archipelago, snow bacterial abundances are about 
2 × 104 cells/ml [75, 80]. In cell counts performed on Antarctic snow, it was observed that the 
microbial abundance was even lower (<103 cells/ml).
Regarding microbial diversity in glacier snow (Figure 6(A)), the effect of snow melt on bacte-
rial community structure and diversity of surface environments of a Svalbard glacier has been 
Figure 6. Bacterial community structure along a glacier front based on 16S rRNA gene sequences. Pie charts represent 
relative abundances of bacterial classes for three glacier environments: glacier snow, glacier front and forefield. The 
data come from Refs. [51, 76, 77] for glacier snow, from Ref. [6] for glacier front and from Refs. [6, 62, 74] for forefield.
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examined using analyses of 16S rRNA genes [51]. In these studies, it was observed that the 
bacterial community structure depends on the type of snow deposition. However, the most 
interesting fact, from the point of view of monitoring the state of conservation of the glacier is 
that slush (the product of decomposition of snow when it melts) contains lineages of bacteria 
completely different from those of freshly fallen snow, which implies a change in the compo-
sition of the community structure that is post-depositional.
Other studies carried out in Greenland demonstrated that the phylogenetic composition 
of the microbial communities was different within the snow layers [75]. Proteobacteria, 
Bacteroidetes, and Cyanobacteria dominated in the middle and top snow layers, although 
Actinobacteria and Firmicutes were also abundant. In the deepest snow layer, large percent-
ages of Firmicutes and Fusobacteria were found [75]. Large numbers of eukaryotic chloro-
plasts belonging to Streptophyta and Chlorophyta were also observed, demonstrating that 
microeukaryotes were also present in snow. Cyanobacteria and algae were almost exclusively 
found in the top and middle layers of the snow pack which are probably feeding the hetero-
trophic members of the microbial communities.
Some reports have demonstrated that the composition of snow microbial communities 
depends on the proximity to the sea [76]. In glacier snow, typical species of marine environ-
ments such as the Alphaproteobacteria have been found in samples from Antarctica, although 
Bacteroidetes and Cyanobacteria are also present [76].
7.2. Glacier front
Microbial communities in glacier fronts have been especially studied in the Antarctic 
Peninsula which is among the regions with the fastest warming rates, and where regional 
climate change has been linked to an increase in the mean rate of glacier retreat [6].
Archaeal and bacterial 16S rRNA gene sequences obtained from soil samples collected in the 
Wanda Glacier forefield showed that the diversity and richness were surprisingly high, and 
that communities were dominated by Proteobacteria, Bacteroidetes, and Euryarchaeota, with 
many archaeal and bacterial phylotypes yet unclassified (Figure 6(B)). Some of the phylo-
types found were also related to marine microorganisms, indicating the importance of the 
marine environment as a source of colonizers for these recently deglaciated environments [6].
Concerning microbial abundance, some examples have been published. In Greenland glacier 
fronts, between 6 and 30 × 107 cells/ml, it has been reported [77].
7.3. Fore field
It has been published that microbial abundance in an Antarctic glacier (Ecology Glacier) fore-
field is increased along several sampling points from the glacier front to the farther outskirts 
of the glacier [71]. The same effect has been observed in the Peruvian Andes glaciers, where 
abundances of Cyanobacteria and Diatoms increased over the time of succession [62].
Regarding diversity, new soils from recently deglaciated soils are colonized by a diverse 
community of microorganisms during the first years following glacial retreat. Taxonomically 
 microorganisms from Ecology Glacier forefield [71] belonged to the alpha, beta, and gamma 
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subdivisions of the Proteobacteria and to the Cytophaga-Flavobacterium-Bacteroides (CFB) 
group (Figure 6(C)). Filamentous fungi were relatively abundant and represented mainly by 
oligotrophs.
In the recently deglaciated areas of the Peruvian Andes [62], it has been observed that a sig-
nificant increase in cyanobacterial diversity corresponded with increases in soil stability, 
 heterotrophic microbial biomass, soil enzyme activity, and the presence of photosynthetic 
and photoprotective pigments.
In glaciers, increasing temperature leads to a rapid retreat of ice, which increases water pro-
duction [45, 72]. In glacier forefields, the runoff water of the glaciers can origin rivers and lakes 
[81]. For example, in the High-Arctic, it has been reported that Bacteroidetes, Actinobacteria, 
and Verrucomicrobia were the most abundant phyla in freshwater, while relatively few 
Proteobacteria and Cyanobacteria were present. Possibly, light intensity controlled the distri-
bution of the Cyanobacteria and algae which in turn fed the heterotrophic bacteria [75].
Photosynthetic and nitrogen-fixing microorganisms play an important role in acquiring nutri-
ents and facilitating ecological succession in soils during the first years of succession, many 
years before the establishment of mosses, lichens, or vascular plants [62]. Afterward, species 
of green soil algae are important pioneers in the colonization process of the areas recently 
denuded of ice [72].
At last, soil macrofauna and mesofauna colonize the fore fields. The successional chrono-
sequence of an Alpine glacier was studied at several stages from 4 to 150 years of age since 
deglaciation [73]. Within the first 50 years, macrofauna biomass and mesofauna abundance 
increased rapidly, and successional age was the major determinant of community composi-
tion [73]. Some studies about soil mesofauna in high alpine ecosystems of the Central Alps 
demonstrated the shifts in species richness and density of arthropod such as oribatid mites 
[82]. In newly formed soils, some arthropods populate new soils, which in turn, promote the 
growth of fungi and bacteria and contribute to the formation of the new soil microstructure 
[82]. Nevertheless, these new fungi and bacteria are different from those that used to live 
in glaciers, as the novel species of plants and animals, contain associated microorganisms; 
for example, new microorganisms contained in animal droppings or symbiotic rhizosphere 
microbial communities associated to plants [65].
Microbial ecology can be a tool for monitoring the biological change that happens in retreat 
glaciers. Ecological researches conducted along deglaciated chronosequences in some glaciers 
have been carried out in order to understand the development of ecosystems. In these studies, 
distance from a receding glacier is used as a proxy for soil age, with older soils being further 
from the glacier front [62].
8. Conclusion
In summary, glaciers are retreating in many areas of the world due to global warming, 
and many of them will be severely affected or will disappear in a few years. Glaciers are 
unique biomes dominated by microbial communities which maintain active biochemical 
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routes. Their metabolic activity plays an important role in glaciers, mainly carrying out key 
processes in the development of soil, changing biogeochemical cycling, altering the com-
position of runoff waters and facilitating plant and animal colonization when glaciers have 
ultimately retired. These processes impact the planet not only locally but also globally. 
Microorganisms are perfectly adapted to their harsh environment and are very suscep-
tible to environmental changes. Colonization and primary succession of a recently deglaci-
ated area implies that the abundance of microorganisms increases along deglaciated areas. 
Yet, at the same time, the diversity of microbial populations changes. In many cases, the 
number of different species may be lower than it is in the glacier. Thus, abundance and 
distribution of microorganisms can be considered indicative of the conservation status of 
glaciers, because alterations in their abundance and distribution depend on glacier condi-
tions. Microbial ecology can be a tool for monitoring the biological change that happens in 
retreat glaciers.
Acknowledgements
We are indebted to Paula Alcazar for her technical assistance. This research was sup-
ported by grants CTM/2008-00304/ANT, CTM 2010-12134-E/ANT and CTM2011-16003-E 
from the Spanish Ministerio de Economía y Competitividad (MINECO). E.G.L. is recipient 
of a MINECO Fellowship (Grant PTAT2010-03424, Programa Nacional de Contratación e 
Incorporación de RRHH).
Author details
Eva Garcia-Lopez and Cristina Cid*
*Address all correspondence to: cidsc@inta.es
Microbial Evolution Laboratory, Center for Astrobiology (CSIC-INTA), Madrid, Spain
References
[1] Anesio AM, Laybourn-Parry J. Glaciers and ice sheets as a biome. Trends in Ecology & 
Evolution. 2012;27:219-225
[2] Hodson A, Anesio AM, Tranter M, Fountain A, Osborn M, Priscu J, Laybourn-Parry J, 
Satler B. Glacial ecosystems. Ecological Monographs. 2008;78:41-67
[3] Hagen JO, Liestøl O, Roland E, Jørgensen T. Glacier Atlas of Svalbard and Jan Mayen. 
Nor. Polarinst. Medd. 129. Oslo: Norwegian Polar Institute; 1993
[4] Hagen JO, Kohler J, Melvold K, Winther JG. Glaciers in Svalbard: Mass balance, runof-
fand freshwater flux. Polar Research. 2003;22:145-159
Glaciers Evolution in a Changing World118
[5] Boetius A, Anesio AM, Deming JW, Mikucki JA, Rapp JZ. Microbial ecology of the cryo-
sphere: sea ice and glacial habitats. Nature Reviews Microbiology. 2015;13:677-690
[6] Pessi IS, Osorio-Forero C, Galvez EJC, Simões FL, Simões JC, Junca H, Macedo AJ. 
Distinct composition signatures of archaeal and bacterial phylotypes in the Wanda 
Glacier forefield, Antarctic Peninsula. FEMS Microbiology Ecology. 2015;91:1-10
[7] Bradley JA, Singarayer JS, Anesio AM. Microbial community dynamics in the forefield 
of glaciers. Proceedings of the Royal Society B. 2014;281:20140882
[8] Schüte UM, Abdo Z, Bent SJ, Williams CJ, Schneider GM, Solheim B, Forney LJ. Bacterial 
succession in a glacier foreland of the High Arctic. The ISME Journal. 2009;3:1258-1268. 
DOI: 10.1038/ismej.2009.71
[9] Rodrigues DF, Tiedje JM. Coping with our cold planet. Applied and Environmental 
Microbiology. 2008;74:1677-1686
[10] Russell NJ. Cold adaptation of microorganisms. Philosophical Transactions of the Royal 
Society of London. 1990;326:595-611
[11] Doyle S, Dieser M, Broemsen E, Christner B. In: General Characteristics of Cold-Adapted 
Microorganisms. Polar Microbiology: Life in a Deep Freeze. Robert VM, Lyle G, editors. 
Washington, DC: Whyte ASM Press; 2012. pp. 103-125
[12] Marshall SJ. The Cryosphere. New Jersey: Princeton University Press; 2011
[13] GLIMS, National Snow and Ice Data Center. GLIMS Glacier Database. Boulder, 
Colorado, USA: National Snow and Ice Data; 2012
[14] Maccario L, Sanguino L, Vogel TM, Larose C. Snow and ice ecosystems: Not so extreme. 
Research in Microbiology. 2015;166:782-795
[15] Cavicchioli R, Siddiqui KS, Andrews D, Sowers KR. Low-temperature extremophiles 
and their applications. Current Opinion in Biotechnology. 2002;13:253-261
[16] D’Amico S, Collins T, Marx JC, Feller G, Gerday C. Psychrophilic microorganisms: 
Challenges for life. EMBO Reports. 2006;7:385-389
[17] Garcia-Descalzo L, Alcazar A, Baquero F, Cid C. Identification of in vivo HSP90interacting 
proteins reveals modularity of HSP90 complexes is dependent on the environment in 
psychrophilic bacteria. Cell Stress & Chaperones. 2011;16:203-218
[18] Alcazar A, Garcia-Descalzo L, Cid C. Microbial evolution and adaptation in icy worlds. 
In: Astrobiology: Physical Origin, Biological Evolution and Spatial Distribution. New 
York: Springer Verlag Inc; 2010. pp. 81-95
[19] Garcia-Descalzo L, Alcazar A, Baquero F, Cid C. Biotechnological Applications of 
Cold-Adapted Bacteria. Extremophiles: Sustainable Resources and Biotechnological 
Implications. New Jersey: Wiley-Blackwell ed. Hoboken; 2012. pp. 159-174
[20] Tranter M, Brown GH, Raiswell R, Sharp MJ, Gurnell AM. A conceptual model of solute 
acquisition by Alpine glacial meltwaters. Journal of Glaciology 1993;39:573-581
The Role of Microbial Ecology in Glacier Retreat
http://dx.doi.org/10.5772/intechopen.69097
119
[21] Fountain AG, Nylen TH, Tranter M, Bagshaw E. Temporal variations in physical 
and chemical features of cryoconite holes on Canada Glacier, McMurdo Dry Valleys, 
Antarctica. Journal of Geophysical Research Biogeoscience. 2008;113:G01S92
[22] Cook J, Edwards A, Takeuchi N, Irvine-Fynn T. Cryoconite: The dark biological secret of 
the cryosphere. Progress in Physical Geography 2016;40:66-111
[23] Mieczen T, Gorniak D, Swiatecki A, Zdanowski M, Tarkowska-Kukuryk M, Adamczuk 
M. Vertical microzonation of ciliates in cryoconite holes in Ecology Glacier, King George 
Island. Polish Polar Research. 2013;34:201-212
[24] Madigan MT, Martinko JM, Stahl DA, Clark DP. Brock Biology of Microorganisms 13th 
ed. San Francisco, CA: Pearson Education, Inc; 2012
[25] Siefirmann-Harms D. The light-harvesting and protective functions of carotenoids in 
photosynthetic membranes. Physiologia Plantarum 1987;69:501-568
[26] Martin-Cerezo ML, Garcia-Lopez E, Cid C. Isolation and identification of a red pigment 
from the Antarctic bacterium Shewanella frigidimarina. Protein and Peptide Leters 
2015;22:1076-1082
[27] Becker-Hapak, M, Troxtel, E, Hoerter, J, Eisenstark, A. RpoS dependent overexpression 
of carotenoids from Erwinia herbicola in OXYR-deficient Escherichia coli. Biochemical and 
Biophysical Research Communications. 1997;239:305-309
[28] Goodwin TW. The Biochemistry of Carotenoids. London: Chapman and Hall; 1980
[29] Lut S, Anesio AM, Villar J, Benning LG.. Variations of algal communities cause darken-
ing of a Greenland glacier. FEMS Microbiology Ecology. 2014;89:402-414
[30] Jagannadham MV, Chatopadhyay MK, Subbalakshmi C, Vairamani M, Narayanan K, 
Rao CM, Shivaji S. Carotenoids of an Antarctic psychrotolerant bacterium, Sphingo bac-
terium antarcticus, and a mesophilic bacterium, Sphingobacterium multivorum. Archives of 
Microbiology. 2000;173:418-424
[31] Vollmers J, Voget S, Dietrich S, Gollnow K, Smits M, Meyer K, BrinkhoffT, Simon M, 
Daniel R. Poles apart: Arctic and Antarctic Octadecabacter strains share high genome 
plasticity and a new type of xanthorhodopsin. PLoS One. 2013;8:e63422
[32] Garcia-Descalzo L, Garcia-Lopez E, Alcazar A, Baquero F, Cid C. Proteomic analysis 
of the adaptation to warming in the Antarctic bacteria Shewanella frigidimarina. BBA 
Proteins and Proteomics. 2014;1844:2229-2240
[33] Garcia-Lopez E, Cid C. Color producing extremophiles. In: Bio-Pigmentation and 
Biotechnological Implementations. ISBN: 978-1-119-16614-6. New Jersey: Wiley-
Blackwell ed. Hoboken; 2016
[34] Gunde-Cimerman N, Sonjak S, Zalar P, Frisvad JC, Diderichsen B, Plemenitas A. 
Extremophilic fungi in arctic ice: A relationship between adaptation to low temperature 
and water activity. Physics and Chemistry of the Earth. 2003;28:1273-1278
Glaciers Evolution in a Changing World120
[35] Price PB. Microbial life in glacial ice and implications for a cold origin of life. FEMS 
Microbiology Ecology. 2007;59:217-231
[36] Price PB. A habitat for psychrophiles in deep, Antarctic ice. PNAS. 2000;97:1247-1251
[37] Tung HC, Bramall NE, Price BP. Microbial origin of excess methane in glacial ice and 
implications for life on Mars. PNAS. 2005;102:18292-18296
[38] Butinar L, Spencer-Martins I, Gunde-Cimerman N.Yeasts in high Arctic glaciers: The 
discovery of a new habitat for eukaryotic microorganisms. Antony van Leeuwenhoek. 
2007;91:277-289
[39] Lerner L, Wilmoth B. Chemoautotrophic and chemolithotrophic bacteria. In: World of 
Microbiology and Immunology. Lerner K, editors. 2016. Available from: htp://www.
encyclopedia.com [Accessed: 2016-12-12]
[40] Leuliete E, Miler L. Closing the sea level rise budget with altimetry, Argo, and GRACE, 
Geophysical Research Leters. 2009;36:L04608
[41] Kwok R, Cunningham GF. Variability of Arctic sea ice thickness and volume from 
CryoSat-2. Philosophical Transactions of the Royal Society A. 2015;373:20140157. DOI: 
10.1098/rsta.2014.0157
[42] Holland PR, Kwok R. Wind-driven trends in Antarctic sea ice drift. Nature Geoscience. 
2012;5. DOI: 10.1038/NGEO1627
[43] Kwok R, Untersteiner N. The thinning of Arctic sea ice. Physics Today. 2011;64:36-41
[44] Kwok R, Rothrock DA. Decline in Arctic sea ice thickness from submarine and ICESat 
records: 1958-2008. Geophysical Research Leters. 2009;36:L15501. DOI: 10.1029/ 
2009GL039035
[45] Rignot E, Bamber JL, van den Broeke MR, Davis C, Li Y, van de Berg WJ, van Meijgaard 
E. Recent Antarctic ice mass loss from radar interferometry and regional climate model-
ing, Natural Geoscience. 2008;1:106-110
[46] Velicogna I. Increasing rates of ice mass loss from the Greenland and Antarctic ice sheets 
revealed by GRACE. Geophysical Research Leters. 2009;36:L19503
[47] Immerzeel WW, van Beek LPH, Bierkens MFP. Climate change will affect the Asian 
water towers. Science. 2010;328:1382. DOI: 10.1126/science.1183188
[48] Førland EJ, Benestad F, Flatøy F, Hanssen-Bauer I, Haugen JE, Isaksen K, Sorteberg A, 
Ådlandsvik B. Climate development in north Norway and the Svalbard region dur-
ing 1900-2100. Norwegian Polar Institute Report Series 128. Tromsø: Norwegian Polar 
Institute; 2009
[49] Solomon S, Qin D, Manning M, Chen M, Marquis KB, Averyt, Tignor M, Miller HL. 
The physical science basis: contribution of Working Group I to the fourth assessment 
report of the Intergovernmental Panel on Climate Change. Climate change 2007 (ed). 
Cambridge: Cambridge University Press; 2007
The Role of Microbial Ecology in Glacier Retreat
http://dx.doi.org/10.5772/intechopen.69097
121
[50] Zeng YX, Yan M, Yu Y, Li HR, He JF, Sun K, Zhang F. Diversity of bacteria in surface ice 
of Austre Lovénbreen glacier, Svalbard. Archives Microbiology. 2013;195:313-322
[51] Hell K, Edwards A, Zarsky J, Podmirseg SM, Girdwood S, Pachebat JA, Insam H, Satler 
B. The dynamic bacterial communities of a melting High Arctic glacier snowpack. The 
ISME Journal. 2013;7:1814-1826
[52] Nowak A, Hodson A. Changes in meltwater chemistry over a 20-year period following a 
termal regime switch from polythermal to cold-based glaciation at Austre Broggerbreen, 
Svalbard. Polar Research. 2014;33:22779
[53] Gerdel RW, Drouet F. The cryoconite of the Thule area, Greenland. Transactions of the 
American Microbiology Society. 1960;79:256-272
[54] McIntyre NF. Cryoconite hole thermodynamics. Canadian Journal of Earth Science. 
1984;21:152-156
[55] Hollesen J, Mathiesen H, Møller AB, Elberling B. Permafrost thawing in organic Arctic 
soils accelerated by ground heat production. National Climate Change. 2015;5:574-578. 
DOI: 10.1038/nclimate2590
[56] Anesio AM, Hodson AJ, Frit A, Psenner R, Satler B. High microbial activity on glaciers: 
Importance to the global carbon cycle. Global Change Biology. 2009;15:955-960
[57] Larose C, Dommergue A, Vogel TM. Microbial nitrogen cycling in Arctic snowpacks. 
Environmental Research Leters. 2013;8:035004
[58] Mindl B, Anesio AM, Meirer K, Hodson AJ, Laybourn-Parry J, Sommaruga R, Satler 
B. Factors influencing bacterial dynamics along a transect from supraglacial runoffto 
proglacial lakes of a high Arctic glacier. FEMS Microbiology Ecology. 2007;59:307-317
[59] Kastovska K, Elster J, Stibal M, Santruckova H. Microbial assemblages in soil micro-
bial succession after glacial retreat in Svalbard (high Arctic). Microbial Ecology. 
2005;50:396-407
[60] Skidmore ML, Foght JM, Sharp MJ. Microbial life beneath a high Arctic glacier. Applied 
and Environmental Microbiology. 2000;66:3214-3220
[61] Deiglmayr K, Philippot L., Tscherko D, Kandeler E. Microbial succession of nitrater-
educing bacteria in the rhizosphere of Poa alpina across a glacier foreland in the Central 
Alps. Environmental Microbiology. 2006;8:1600-1612
[62] Schmidt SK, Reed SC, Nemergut DR, Grandy AS, Cleveland CC, Weintraub MN, Hill 
AW, Costello EK, Meyer AF, NeffJC, Martin AM. The earliest stages of ecosystem 
succession in high-elevation (5000 metres above sea level), recently deglaciated soils. 
Proceedings of the Royal Society B. 2008;275:2793-2802
[63] Chapin FS, Walker LR, Fastie CL, Sharman LC. Mechanisms of primary succession fol-
lowing deglaciation at Glacier Bay, Alaska. Ecological Monographs. 1994;64:149-175
[64] Roesch LFW, Fulthorpe RR, Pereira AB, et al. Soil bacterial community abundance 
and diversity in ice-free areas of Keller Peninsula, Antarctica. Applied Soil Ecology. 
2012;61:7-15
Glaciers Evolution in a Changing World122
[65] Teixeira LC, Peixoto RS, Cury JC, Rosado AS. Bacterial diversity in rhizosphere soil from 
Antarctic vascular plants of Admiralty Bay, maritime Antarctica. The ISME Journal. 
2010;4:989-1001
[66] Hoham RW, Duval B. Microbial ecology of snow and freshwater ice with emphasis on 
snow algae. In: Jones HG, Pomeroy JW, Walker DA, Hoham RW, editors. Snow Ecology: 
An Interdisciplinary Examination of Snow-Covered Ecosystems. UK: Cambridge 
University Press; 2001. pp. 168-228
[67] Garcia-Descalzo L, Garcia-Lopez E, Postigo M, Baquero F, Alcazar A, Cid C. Eukariotic 
microorganisms in cold enviroments: Examples from Pyrenean glaciers. Frontiers in 
Microbiology. 2013;4:55. DOI: 10.3389/fmicb.2013.00055
[68] Johnson DB, Hallberg KB. The microbiology of acidic mine waters. Research in 
Microbiology 2003;154:466-473
[69] Nordstrom DK. Mine waters: Acidic to circumneutral. Elements. 2011;7:393-398
[70] Pacific Marine Environmental Laboratory Carbon Program. Available from: htp://www.
pmel.noaa.gov [Accessed: 30-01-2017]
[71] Grzesiak J, Żmuda-Baranowska M, Borsuk P, Zdanowski M. Microbial community at 
the front of Ecology Glacier (King George Island, Antarctica): Initial observations. Polish 
Polar Research. 2009;30:37-47
[72] Massalski A, Mrozińska T, Olech M. Ultrastructural observations on five pioneer soil 
algae from ice denuded areas (King George Island, West Antarctica). Polar Bioscience. 
2001;14:61-70
[73] Kaufmann R, Fuchs M, Gosterxeier N. The soil fauna of an Alpine Glacier Foreland: 
Colonization and succession. Arctic, Antarctic, and Alpine Research. 2002;34:242-250
[74] Kim M, Jung JY, Laffly D, Kwon HY, Lee YK. Shifts in bacterial community structure 
during succession in a glacier foreland of the High Arctic. FEMS Microbiology Ecology. 
2017;93. pii: fiw213
[75] Møller AK, Søborg DA, Al-Soud WA, Sørensen SJ, Kroer N. Bacterial community struc-
ture in high-arctic snow and freshwater as revealed by pyrosequencing of 16S rRNA 
genes and cultivation. Polar Research. 2013;32:17390
[76] Michaud L, Lo Giudice A, Mysara M, Monsieurs P, Raffa C, Leys N, Amalfitano S, Van 
Houdt R. Snow surface microbiome on the high antarctic plateau (DOME C). PLoS One. 
2014;9:e104505. DOI: 10.1371/journal.pone.0104505
[77] Stibal M, Gözdereliler E, Cameron KA, Box JE, Stevens IT, Gokul JK, Schostag M, Zarsky 
JD, Edwards A, Irvine-Fynn TD, Jacobsen CS. Microbial abundance in surface ice on the 
Greenland Ice Sheet. Frontiers in Microbiology. 2015;6:225
[78] Alfreider A, Pernthaler J, Amann R, Sattler B, Glockner FO, Wille A, Psenner R. 
Community analysis of the bacterial assemblages in the winter cover and pelagic 
layers of a high mountain lake by in situ hybridization. Applied and Environmental 
Microbiology. 1996;62:2138-2144
The Role of Microbial Ecology in Glacier Retreat
http://dx.doi.org/10.5772/intechopen.69097
123
[79] Sattler B, Puxbaum H, Psenner R. Bacterial growth in supercooled cloud droplets. 
Geophysical and Research Letters. 2001;28:239-242
[80] Amato P, Hennebelle R, Magand O, Sancelme M, Delort AM, Barbante C, Boutron C, 
Ferrari C. Bacterial characterization of the snow cover at Spitzberg, Svalbard. FEMS 
Microbiology Ecology. 2007;59:255-264
[81] Wilhelm L, Singer GA, Fasching C, Battin TJ, Besemer K. Microbial biodiversity in gla-
cier- fed streams. The ISME Journal. 2013;7:1651-1660
[82] Fischer BM, Schatz H. Biodiversity of oribatid mites (Acari: Oribatida) along an altitudi-
nal gradient in the Central Alps. Zootaxa. 2013;3626:429-454
Glaciers Evolution in a Changing World124
